ST2 protein is a soluble splicing variant of ST2L protein, which is the receptor for interleukin-33 (IL-33). Previously, we reported that soluble ST2 suppressed the signal transduction of lipopolysaccharide (LPS) and cytokine production in monocytic cells. To investigate whether or not this inhibitory effect occurs in dendritic cells, which are the key players in innate and adaptive immunity, human monocyte-derived dendritic cells were pre-treated with soluble ST2 protein before LPS stimulation. Although soluble ST2 did not attenuate the LPS-induced maturation of dendritic cells, pre-treatment with soluble ST2 suppressed cytokine production and inhibited LPS signaling. Moreover, the proliferation of naive T cells was inhibited significantly by soluble ST2 pre-treatment. IL-33 had little effect on the cytokine production of immature monocyte-derived dendritic cells. Furthermore, soluble ST2 protein was internalized into dendritic cells, suggesting that soluble ST2 protein acts by a noncanonical mechanism other than the sequestration of IL-33. 1 The specific receptor for IL-33 is ST2L protein, which forms a receptor complex with IL-1 receptor accessory protein. Soluble ST2 protein (sST2) is a variant of ST2L arising from alternative splicing. Because it binds with IL-33 to sequestrate the effect of IL-33, sST2 is considered an antiinflammatory factor in cases such as asthma.
INTRODUCTION
IL-33, a member of the IL-1 family, is considered to promote proinflammatory reactions and Th2-type immune responses. 1 The specific receptor for IL-33 is ST2L protein, which forms a receptor complex with IL-1 receptor accessory protein. Soluble ST2 protein (sST2) is a variant of ST2L arising from alternative splicing. Because it binds with IL-33 to sequestrate the effect of IL-33, sST2 is considered an antiinflammatory factor in cases such as asthma. 2 In addition, we and other groups have reported that the serum level of sST2 rises in various diseases, including asthma, autoimmune diseases, cardiovascular diseases and sepsis, although the pathological relevance of these findings remains largely unknown. [3] [4] [5] [6] [7] [8] [9] Before IL-33 was revealed to be a ligand of ST2L, sST2 was reported to inhibit the production of lipopolysaccharide (LPS)-induced proinflammatory cytokines in macrophages and to reduce the LPSmediated mortality of mice. 10 Recently, acute lung injury caused by LPS was again reported to be suppressed by sST2. 11 We also reported that sST2 inhibited the effect of LPS in monocytic cells and suppressed IL-6 production remarkably by suppressing NF-kB activation. 12 LPS is also known to stimulate the differentiation and maturation of monocytic cells to dendritic cells (DCs), which are the most potent antigenpresenting cells and critical regulators of immunity. 13, 14 Therefore, we extended these findings to the investigation of the immunoregulatory effects of sST2 on DCs mentioned herein.
Among the several types of DCs, monocyte-derived DCs (MDDC) can be induced as immature DCs from monocytes in peripheral blood by the stimulation of granulocyte macrophage-colony stimulating factor and interleukin (IL)-4, and this induction is important for the replenishment of DCs. Pathogen-associated molecular patterns such as LPS are recognized by pattern-recognition receptors as Tolllike receptors (TLRs) on DCs and induce further DC maturation and cytokine production. ST2 mRNA expression was recently reported in mouse bone marrow-derived DCs, and IL-33 was shown to activate DCs. 15 Another report revealed that IL-33-activated DCs are crucial for the development of allergic airway inflammation of a model mouse, 16 but the effects of IL-33 on DCs are still not fully understood. Moreover, the relevance of sST2 on DCs has not been reported yet.
In this study, we have verified the inhibitory effect of sST2 on the LPS-induced activation of human immature MDDCs (iMDDCs). sST2 attenuated the intracellular signal trunsduction of LPS, and subsequently the proinflammatory cytokine production, but it did not inhibit MDDC maturation. Furthermore, in this system, IL-33 did not activate iMDDCs and does not seem to be involved in the effect of sST2 on human iMDDCs, suggesting a noncanonical pathway independent of IL-33.
MATERIALS AND METHODS

Isolation of monocytes and differentiation to iMDDCs
Human peripheral blood mononuclear cells were isolated from the whole blood of healthy four donors by using Vacutainer CPT (BD, Franklin Lakes, NJ, USA). In compliance with the Office of Research Ethics at Jichi Medical University, informed consent was obtained from all individuals. Monocytes (Mo, purity .95%) were purified by positive selection with anti-CD14 magnetic beads (Miltenyi Biotech Co., Bergisch Gladbach, Germany) from peripheral blood mononuclear cells. iMDDCs were obtained by incubating 1310 6 of Mo in 8 ml Mo-DC Differentiation Medium (Miltenyi Biotech) with 100 U/ml of penicillin and 100 U/ml of streptomycin in a 10-cm RepCell culture dish (Cell Seed Inc., Tokyo, Japan) for 7 days. On day 3, 8 ml fresh medium was added to feed the cells. After 7 days, iMDDCs were harvested by incubating the RepCell dish at 20 uC for 30 min.
iMDDCs were cultured in RPMI-1640 medium (Sigma, St Louis, MO, USA) supplemented with 10% heat-inactivated fetal bovine serum (MultiSer; Thermo Electron, Scoresby, VIC, Australia), 100 U/ml penicillin and 100 U/ml streptomycin, at a density of 5310 5 cells/ml for 3 days, in a humidified atmosphere with 5% CO 2 at 37 uC.
To investigate the effect of sST2 on iMDDCs, iMDDCs left unstimulated overnight were pre-treated with sST2 for 60 min. Subsequently, pre-treated or nontreated iMDDCs were stimulated with LPS (Sigma; E. coli 055:B5), recombinant IL-33, flagellin, or green fluorescent protein (GFP) as controls for the indicated periods.
Mature MDDCs (mMDDCs) were obtained by incubating iMDDCs with LPS (500 ng/ml) for 2 days.
Enzyme-linked immunosorbent assay (ELISA)
Concentrations of IL-6 (Invitrogen, La Jolla, CA, USA), IL-8 (R&D Systems, Gaithersurg, MD, USA), IL-10 (GEN-PROBE, San Diego, CA, USA), IL-12p40 (United Biosource, Chevy Chase, MD, USA), IL-13 (Biosource), IL-33 (BioLegend, San Diego, CA, USA), sST2 (MBL, Aichi, Japan), and Interferon-a (PBL Interferonsource, Piscataway, NJ, USA) were determined by ELISA kits according to the manufacturers' instructions.
Flow cytometric analysis of MDDC surface markers Stimulated MDDCs were preincubated with human Fc receptor blocking reagent (MBL, Nagoya, Japan) for 5 min at room temperature. To evaluate the differentiation and maturation of MDDCs, MDDCs were stained with Mo-DC Differentiation Inspector (Miltenyi Biotech) according to the manufacturer's instructions. The cells were washed and suspended in phosphate-buffered saline without calcium and magnesium (PBS(2)) containing 0.5% bovine serum albumin and 2 mM EDTA, then analyzed by an LSR Flow Cytometer (BD).
Adenosine 59-triphosphate (ATP) measurement in iMDDCs To estimate the cytotoxicity, intracellular ATP was measured by a luciferin-luciferase bioluminescence assay using the 'Cell' ATP assay reagent (Toyo-Ink, Tokyo, Japan). The iMDDCs were seeded at 3310 4 /100 ml/well in a 96-well tissue culture plate and incubated in a CO 2 incubator at 37 uC. The plate was incubated at room temperature for 30 min, and 100 ml ATP reagent was then added to each well. The plate was stirred for 1 min and then incubated in a luminometer (Lumat LB9507; Berthold Technologies, Bad Wildbad, Germany) for 10 min at 23 uC. The relative light intensity was then measured.
Western blotting
The cells were lysed in NP-40 lysis buffer (10 mM HEPES/NaOH (pH 7.9), 10 mM KCl, 0.1 mM EDTA (pH 8.0), 0.1 mM EGTA (pH 8.0), 0.625% (w/v) NP-40, 20 mM NaF, 1 mM Na 3 OV 4 , 1 mM dithiothreitol (DTT) and 0.5 mM phenylmethylsulfonyl fluoride (PMSF)) supplemented with complete protease inhibitors (Roche, Basel, Switzerland Immunofluorescence iMDDCs attached on cover glass were pre-treated with sST2 for 60 min at 37 uC and then fixed with 4% paraformaldehiyde for 20 min. Cells were permeabilized with 0.1% (w/v) Triton X-100 in PBS 2 for 30 min at room temperature. Subsequently, samples were blocked with PBS 2 containing 1% bovine serum albumin and 0.1% (w/v) Tween 20 for 30 min at room temperature. To detect NF-kBp65 protein, iMDDCs were incubated with anti-NF-kBp65 mouse monoclonal IgG1 (sc-8008, Santa Cruz Biotechnology) for 1 h at room temperature. An Alexa Fluor 488 F(ab9) 2 fragment of goat anti-mouse IgG (H1L) was used as a secondary antibody. Samples were mounted using Prolong Gold anti-fade reagent with DAPI (Molecular Probes, Eugene, OR, USA) and then analyzed using a BZ-9000 microscope (Keyence, Osaka, Japan) and the BZ-2 analysis application.
Mixed lymphocyte reaction analysis Naive CD4 1 cells were purified by negative selection with the Naive CD4 1 T-Cell Isolation Kit II (Miltenyi Biotech) from peripheral blood mononuclear cells of each four donors. sST2-pre-treated iMDDCs were incubated with LPS, recombinant IL-33, GFP, or PBS, and then cocultured autologously with naive CD4
1 T cells prepared as described above. Briefly, the iMDDCs were seeded at 2310 4 /well in 96-well tissue culture plates and cocultured with the isolated naive
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1 T cells at a 1 : 10 ratio in RPMI-1640 medium alone, with 500 ng/ml LPS, with 100 ng/ml IL-33, with 500 ng/ml GFP, or with 10 ml of PBS for 5 days. Then, the cultured T cells were harvested and washed once with PBS, and resuspended in culture medium, and subjected to the proliferation assay with Cell Proliferation ELISA System (Roche Molecular Biochemicals, Mannheim, Germany) according to the manufacturer's instructions. Otherwise, naive CD4 1 T cells without the coculture with iMDDCs, iMDDCs alone, or LPS-induced mMDDCs alone were stimulated as above, and assayed as control. Briefly, 100 ml/well of the cell culture was resuspended in duplicate in 96-well plates. A 10 ml/well BrdU labeling reagent was added. After overnight incubation, the cells were harvested by centrifugation at 300g for 10 min and were fixed with FixDenat solution, followed by incubation with peroxidase-labeled anti-BrdU for 120 min. After washing thrice, 100 ml/well of tetramethyl benzidine was added and incubated, and absorbance was measured by an ELISA plate reader. 17 Real-time PCR RNA was purified from monocytes, iMDDCs (CD209 1 CD83 2 ), or mMDDCs (CD209 1 CD83 1 ) using the RNeasy Mini kit (Qiagen, Hilden, Germany) and cDNA was synthesized using a High Capacity RNA-tocDNA kit (Applied Biosystems, Foster City, CA, USA). Expression of genes was analyzed by real-time PCR using TaqMan Gene Expression Assays with StepOnePlus (Applied Biosystems). Levels of cDNA transcript were determined by real-time PCR with predesigned primers and normalized against the b-actin endogenous control (HuACTB; Applied Biosystems). The sequences for these probes were as follows: TLR4, Hs01060206_m1; IL-33, Hs00369211_m1; IL1RL1 (ST2), Hs00249389_m1. Each sample was assayed in triplicate with 40 cycles and the reactions were conducted in a 96-well plate format using StepOnePlus. The relative quantifications of these target genes were compared between the iMDDCs pre-treated with sST2 and the non-pre-treated ones.
Recombinant protein
The preparation of recombinant sST2 containing V5-His tags at the C terminus (sST2-V5-His) was described previously. 12 The coding region of GFP105 (a gift from Dr T. Osumi) 18 was inserted into a NotI/BstBI-digested pEF6/sST2-V5-His (pEF6/sST2-GFP105-V5-His). The expression and purification of recombinant sST2-GFP105-V5-His protein was performed in the same manner as the preparation of recombinant sST2-V5-His. Recombinant hIL-33 was purchased from Invitrogen (PHC9254).
Endocytosis analysis
LysoTracker probe (Red DND-99; Molecular Probes), a fluorescent acidotropic probe for labeling and tracking acidic organelles in live cells, was used to stain iMDDCs according to the manufacturer's instructions. iMDDCs were incubated with the macropinocytosis inhibitor, 5-(Nethyl-N-isopropyl)amirolide (EIPA) (10, 20 and 30 mg/ml) or cytochalasin D (1, 5 and 10 mg/ml)
19-21 at 37 uC for 30 min and washed twice with PBS 2 . The cells were then incubated with fresh medium containing sST2-GFP105-V5-His protein (100 ng/ml). After 1 h, the cells were washed with PBS 2 , fixed with 4% paraformaldehyde for 10 min at 4 uC, then analyzed under a BZ-9000 microscope.
Statistical analysis
The data are presented as means6s.e. The data were analyzed by the Tukey-Kramer test. A value of P,0.05 was considered significant.
RESULTS
Soluble ST2 protein inhibits the LPS-induced cytokine production of iMDDCs
To investigate the effect of sST2 on iMDDCs activated by LPS, we first examined whether or not pre-treatment with sST2 could suppress the production of proinflammatory cytokines in human iMDDCs, as we previously reported that monocytic cells had done. 12 Figure 1a and b /well) were pre-treated for 1 h with or without sST2 (100 ng/ml), and then the cells were stimulated with LPS (100 ng/ml) for 24 or 48 h. The amount of IL-6 was determined by ELISA. (b) Time course of IL12p40 secretion was measured as described in (a). (c) Dose dependency of the inhibitory effect of sST2 was tested at various concentrations (1, 10 and 100 ng/ml) against IL-6 production for 24 h after LPS stimulation. (d) Dose dependency of sST2 to IL-10 was also tested as (c). (e) Possible cytotoxicity of sST2 was assayed by measuring the amount of ATP in iMDDCs (3310 4 /well) by the luciferase light-emitting method. The data are presented as the means of five experiments6s.d. Asterisks denote a statistically significant difference (*P,0.05). ATP, adenosine triphosphate; ELISA, enzyme-linked immunosorbent assay; IL, interleukin; iMDDC, immature monocyte-derived dendritic cell; LPS, lipopolysaccharide; sST2, soluble ST2 protein.
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shows that sST2 pre-treatment suppressed the secretion of IL-6 and IL-12p40 from iMDDCs stimulated by LPS, while also attenuating the productions of IL-8 (Figure 6b ), IL-10 ( Figure 1d ) and tumor necrosis factor-a (data not shown) induced by LPS among the cytokines tested.
The inhibition of cytokine production was dependent on the sST2 concentration (Figure 1c and d) .
We confirmed that sST2's inhibitory effect did not depend on the cytotoxicity according to the ATP assay (Figure 1e ) or on apoptosis Figure 2 Characterization of MDDC phenotypes after various stimuli. iMDDCs were pre-treated for 1 h with or without sST2 (100 ng/ml), and the cells were stimulated with LPS (100 ng/ml) or IL-33 for 48 h at 37 uC. 
A Nagata et al 402 Figure 3 LPS signaling pathway was attenuated by sST2. (a) sST2 inhibited IkBa degradation and phosphorylation of MAPKs. iMDDCs with or without sST2 pretreatment were stimulated by LPS (500 ng/ml) for 15, 30, 60, or 90 min, and the cell lysates were resolved by SDS-PAGE and transferred to PVDF membranes. The amounts of phosphorylated, total MAPKs, or IkBa were detected using specific antibodies. The relative intensities of the bands were calculated by LAS4000 and normalized with the values at 0 min. b-actin, p38, JNK, or ERK levels were used as control for equal loading. The representative result of three experiments is presented. Data indicated mean values6s.d. An asterisk denotes a statistically significant difference (*P,0.05). (b) Nuclear extracts were separated from iMDDCs with the same stimulus and time course for 15, 30, or 60 min as in (a), and then the amounts of NF-kBp65 in nuclear extracts were analyzed with NF-kBp65 transcription factor assay kit. The data are presented as means of three experiments6s.d. An asterisk denotes a statistically significant difference (*P,0.05). (c) sST2 inhibited nuclear translocation of NF-kBp65. iMDDCs were treated as indicated for 60 min, then incubated with anti-NF-kB p65 antibody for 60 min at room temperature. Representative data of three experiments are presented. iMDDCs, immature monocyte-derived dendritic cell; LPS, lipopolysaccharide; MAPK, MAP kinase; PVDF, polyvinylidene fluoride; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; sST2, soluble ST2 protein.
evaluated by annexin V with flow cytometry (data not shown). These data suggest that sST2 does not depend on cellular dysfunction or the induction of regulatory DCs for its suppressive effect on LPS stimulation.
Phenotypes of MDDCs analyzed by FACS
In our preliminary data, sST2 restrained the LPS-induced differentiation of THP-1 cells to DCs. Therefore, we used FACS analysis to examine whether or not pre-treatment with sST2 could suppress iMDDC differentiation to mMDDCs. As shown in Figure 2a , iMDDCs upregulated CD83 expression by LPS irrespective of sST2 pre-treatment, and CD83 expression was not enhanced with the incubation of IL-33 or sST2 alone. sST2 also had little effect on CD86 expression (Figure 2b) . The result of FACS shows that pre-treatment with sST2 did not suppress the maturation of iMDDCs by LPS.
LPS signaling pathway was attenuated by soluble ST2 protein
To further elucidate the mechanism underlying sST2's inhibitory effect on LPS-induced cytokine production in iMDDCs, LPS signaling pathways were examined in detail through the activation of three types of MAP kinase (p38, JNK and ERK), the nuclear localization of NF-kB, and the degradation of IkBa.
The phosphorylation of MAP kinases and the degradation of IkBa were analyzed by immunoblotting. As shown in Figure 3a , sST2 inhibited the degradation of IkBa by LPS stimulation. Furthermore, LPS significantly induced the phosphorylation of these three MAP kinases in MDDCs, while sST2 pre-treatment suppressed the LPS-induced phosphorylation of p38 and JNK, and to a lesser extent with ERK ( Figure 3a) . We compared the relative intensity of the each band using Image Quant LAS 4000 for quantification, and the result showed that sST2 pre-treatment most suppressed the LPS signaling after 15 min of stimulation. We then examined whether or not sST2 pre-treatment inhibit the nuclear localization of NF-kB. The amount of NF-kBp65 in nuclear extracts was analyzed, and sST2 pre-treatment significantly decreased the amount of NF-kB protein in the nucleus compared to the iMDDCs stimulated only by LPS (Figure 3b) .
By fluorescence microscopy, the localization of NF-kB protein was further analyzed with anti-NF-kBp65 antibody. While NF-kB protein showed a nuclear shift when stimulated by LPS, pre-treatment with sST2 markedly suppressed the nuclear localization of NF-kB (Figure 3c) .
These results reveal that sST2 suppresses LPS signal transduction in iMDDCs, eventually causing the inhibition of cytokine production.
Soluble ST2 attenuates the interaction of naive T-lymph cells and MDDCs CD83-positive MDDCs are functionally matured MDDCs with strong antigen presentation ability in vitro, and we showed above that sST2 does not directly influence CD83 expression on LPS-stimulated iMDDCs (Figure 2 ).
To determine whether or not the suppression of LPS signaling in iMDDCs by sST2 actually plays a role in the function of iMDDCs, we next examined the ability of LPS-stimulated iMDDCs to stimulate naive CD4 1 T-cell proliferation. iMDDCs were cultured with naive CD4 1 T cells in the presence or absence of LPS, sST2, IL-33, GFP, or PBS for 5 days, and the proliferation of naive CD4 1 T cells was assayed by BrdU incorporation. 17 The addition of IL-33 or sST2 into the culture had little effect on lymphocyte proliferation compared to the control, GFP protein, or PBS (Figure 4) , and otherwise, iMDDCs without T cells incorporate little BrdU (data not shown). In contrast, LPS markedly induced BrdU incorporation, and the proliferation of naive CD4
1 T cells was inhibited significantly when iMDDCs were pre-treated with sST2 ( Figure 4 ).
IL-33 is not involved in the suppressive effect of sST2 on iMDDCs
It is known widely that sST2 functions as a decoy receptor of IL-33. 2 Therefore, it should be examined whether or not the IL-33/ST2L pathway is involved in the sST2-induced suppression of cytokine production in iMDDCs. First, the ST2L messenger level in monocytes, iMDDCs and mMDDCs was examined using real-time PCR, and ST2L expression was detected and upregulated as cells maturated from monocytes to mMDDCs, whereas the expression of IL-33 mRNA was detected only in mMDDCs (Figure 5a) . Additionally, IL-33 protein was not detected in the conditioned medium of sST2-treated, LPS-stimulated, or sST2/ LPS-treated iMDDCs by ELISA (data not shown). Recombinant IL-33 was then added exogenously to the culture medium of iMDDCs, but neither IL-6 nor IL-12p40 was produced (Figure 5b and c) . This suggested that sST2 inhibits cytokine production noncanonically and not by acting as a decoy receptor of IL-33.
sST2 did not suppress the TLR5 pathway We showed that sST2 suppressed the LPS stimulus in iMDDCs. In order to verify whether or not this phenomenon is specific to the LPS/ TLR4 pathway, we used flagellin as a ligand of TLR5, which was reported to activate iMDDCs. 22 We tried to measure the cytokine production from flagellin-stimulated MDDCs, and IL-6 and IL12p40 were not detectable by ELISA, but IL-8 was detectable and induced by flagellin. 1 T cells at a 1:10 ratio with or without 500 ng/ml LPS, 100 ng/ml IL-33, or 500 ng/ml GFP for 5 days. LPS-induced mMDDCs without T cells and PBS-treated iMDDCs were employed as controls. BrdU incorporation was measured to assay the proliferation of naive CD4
1 T cells. The data are presented as the means of three experiments6s.d. A double asterisk denotes a statistically significant difference (**P,0.01). GFP, green fluorescent protein; IL, interleukin; iMDDCs, immature monocyte-derived dendritic cell; LPS, lipopolysaccharide; MDDC, monocyte-derived dendritic cell; mMDDC, mature monocyte-derived dendritic cell; PBS, phosphate-buffered saline; sST2, soluble ST2 protein.
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When stimulated by LPS, IL-8 production from iMDDCs with sST2 pre-treatment decreased by about 20% (Figure 6b) ; however, sST2 had little effect on IL-8 production when iMDDCs were stimulated by flagellin (Figure 6a) . Therefore, it is revealed that sST2 suppresses the LPS/TLR4 pathway, but not flagellin/TLR5 pathway.
Soluble ST2 protein suppressed TLR4 expression in iMDDCs
We examined whether or not the suppressive effect of sST2 on LPSinduced cytokine production was correlated with TLR4 expression. TLR4 mRNA levels were examined by real-time PCR in iMDDCs after incubation with LPS, sST2, or sST2/LPS.
The results showed that, with sST2 pre-treatment, TLR4 mRNA expression was downregulated 90 min after LPS stimulation (Figure 7a ). Without LPS stimulation, sST2 pre-treatment did not change TLR4 expression, suggesting that the effect of sST2 on TLR4 expression is dependent on LPS stimulation.
The downregulation of TLR4 was also confirmed by FACS. TLR4 protein expression on the cell surface decreased 90 to 180 min after LPS stimulation with sST2 pre-treatment, and this downregulation recovered after 6 h (Figure 7b ). The downregulation of TLR4 expression may play a partial role in sST2's inhibition of cytokine production.
Soluble ST2 protein translocates into MDDCs
To elucidate the noncanonical mechanism by which sST2 inhibits cytokine production in iMDDCs, sST2-GFP fusion protein was incubated with iMDDCs without any detergent to investigate the binding property of sST2 to iMDDCs. When sST2-GFP protein was incubated with iMDDCs for 1 h, slight binding was observed by FACS (Figure 8d) . But when the incubation was prolonged to 16 h, the intensity of GFP with iMDDCs increased markedly (Figure 8a ). Subsequently, we investigated the localization of sST2-GFP in iMDDCs using fluorescence microscopy, and sST2-GFP was observed to be attached on the surface of iMDDCs or internalized into iMDDCs with speckled perinuclear pattern (Figure 8b) . Furthermore, we confirmed that at least a part of sST2-GFP was internalized to the iMDDCs and colocalized with lysosome stained by LysoTracker (Red DND-99) (Figure 8c ). Little binding was detected in the case of cold incubation for 1 h, suggesting that sST2 binding to iMDDCs is followed by engulfment of sST2 with energy consumption.
Besides, the absorption of sST2-GFP into the iMDDC was not suppressed by cyotochalasin D or EIPA, each of which inhibits micropinocytosis (Figure 8e ). This suggested that sST2 was translocated into iMDDCs by endocytosis.
DISCUSSION
In this study, we confirmed that sST2 inhibits LPS stimulation in human MDDCs. We previously reported that sST2 inhibited LPS stimulation in monocytic cells. 12 Monocytes are known to differentiate to DCs by LPS along with granulocyte macrophage-colony stimulating factor; and, in our preliminary investigation, the differentiation was also inhibited by sST2 (Takezako N et al., 2006 , unpubl. data). As mentioned in this paper, iMDDCs pre-treated with sST2 were inhibited on LPS-induced cytokine production (Figure 1a and b) , but, unlike monocyte differentiation, sST2 did not suppress the maturation of iMDDC by LPS (Figure 2) . The discrepancy between monocytes and iMDDCs in terms of differentiation and maturation by LPS could be explained by the difference in susceptibility to sST2. 
ST2 inhibits LPS on dendritic cells
sST2 is thought to be a decoy receptor for IL-33, and its biological function is considered to be dependent on the sequestration of IL-33, which is the generally accepted mechanism by which sST2 functions in several pathologic states, such as airway inflammation, 2 cardiovascular diseases, 8, 23 and severe sepsis. 24 However, it is intriguing that IL-33 did not induce cytokine production in human iMDDCs (Figure 5b and c) and had little effect on the maturation of iMDDC (Figure 2) , whereas IL-33 reportedly activated and maturated mouse bone marrow-derived DCs. 15, 16 This disagreement could also be attributable to the difference between human iMDDCs and mouse bone marrow-derived DCs; moreover, the limited expression of IL-33 in human iMDDC (Figure 5a ) and absence of IL-33 in the conditioned medium of cultured iMDDCs make it difficult to consider that endogenous IL-33 plays a role in sST2's inhibitory effect on human iMDDCs.
These findings suggest that the mechanism of sST2 suppressing human iMDDCs is noncanonical and independent on the sequestration of IL-33. To elucidate the noncanonical mechanism of sST2 function, we further investigate, in detail, the way in which sST2 inhibits the LPS signaling pathway. Consistent with our previous observation on monocytic cells, 12 the activation of NF-kB and MAP 
A Nagata et al 406 kinases by LPS was markedly inhibited by sST2 pre-treatment ( Figure 3 ). This suppressive effect is thought to be a key to the inhibition of cytokine production. On the other hand, sST2 did not inhibit the flagellin-activated TLR5 pathway (Figure 6 ), suggesting that sST2's inhibitory effect is not general to TLR-dependent signal. So far, 13 different TLRs have been identified and TLRs 1-9 are conserved in humans and mice. The expression of TLRs varies with species, DC subtypes and maturation stages. Human MDDCs express the extracellular TLRs (TLRs 1, 2, 4, 5, 6) and the endosomal TLRs (TLRs 3, 8), but do not express TLR9. 25, 26 We tried to investigate the effect of sST2 on TLR9 using CpG, but iMDDCs were not stimulated by it. The effect of sST2 on other TLR pathways (TLR1/2, TLR2/6 and TLR7/8) remain be solved.
TLR4 expression was reported to be downregulated by sST2, 10 and that was also the case in iMDDCs. However, the downregulation of TLR4 mRNA by sST2 was observed after 90 min of LPS stimulation (Figure 7a ), and the TLR4 protein level was also decreased, though slightly ( Figure 7b ). LPS signal transduction is thought to occur in minutes or, in any case, much less than 1 h, so it seems that the downregulation of TLR4 may play a partial, rather than a crucial, role in the inhibitory effect of sST2.
Upstream from NF-kB and MAP kinases in the TLR4 signaling pathway, the molecule affected directly by sST2 is one of our major interests. The direct interaction between sST2 and LPS was also tested by the BIAcore system, but binding was not observed (data not shown). We are now planning to examine the direct binding of sST2 and TLR4, employing HEK293T cells overexpressing TLR4.
It is possible that sST2 has a specific receptor on the cell surface of MDDC, and TLR4 or CD14 would be the one of the candidates. To investigate the binding and fate of sST2 incubated with iMDDCs, we undertook the FACS analysis with sST2-GFP fusion protein without using any detergent. As shown in Figure 8 , the specific binding of sST2-GFP fusion protein to iMDDC is not strong after the 1-h incubation; however, a marked shift in flow cytometry was observed after 16 h (Figure 8a ). With the analysis by a fluorescence microscopy, at least a part of sST2-GFP was shown to be translocated into the cells and colocalized with lysosome ( Figure 8c ). Whole these procedures were done without any detergent. This translocation was not dependent on macropinocytosis (Figure 8e) , and was specific to sST2-GFP compared with GFP protein. Recent study indicated that TLR4 first induces TIRAP-MyD88 signaling and then is endocytosed and activates TRAM-TRIF signaling. 27 LPS was endocytosed by a receptormediated mechanism dependent on dyamin and clathrin and colocalized with TLR4 on early endosome 28 and TLR4 endocytosis after LPS stimulation required phospholipase Cc-2-inositol 1,4,5-trisphosphatesubsequent calcium signaling cascade. 29 Endocytosis is a process of ligand uptake mediated by receptors such as the mannose receptor and Fc receptor, whereby ligands and immune complexes are internalized. In addition, endocytosis pathways could be subdivided into four categories: clathrin-mediated endocytosis, caveolae-mediated endocytosis, macropinocytosis and phagocytosis. Based on the results obtained, we suppose that a specific binding protein for sST2 on the cell surface, followed by internalization by endocytosis, could be involved in this process.
In several disorders, serum concentrations of sST2 were elevated, [3] [4] [5] [6] [7] [8] [9] and the binding ability of sST2 towards IL-33 is generally thought to play a key role in the pathogenetic relevance of sST2. 2, 8, 23, 24 IL-33 is considered to be involved in a broad spectrum of diseases: not only in Th2-related diseases such as asthma and atopic dermatitis, but also in other inflammatory diseases such as inflammatory bowel disease, type 2 diabetes, and cardiovascular diseases, in which IL-33 is thought to protect the cardiovascular system. 30 Recently, a high level of serum sST2 is considered to be a predictor of a high likelihood of mortality in patients with acute and chronic heart failure, 7, 8 pulmonary diseases. 31 sST2 levels were also reported to increase in patients with sepsis and the sST2 levels correlate with severity and mortality of sepsis, 24 and IL-33 was shown to attenuate sepsis. 32 Sepsis is a systemic inflammatory condition following bacterial infection, associated with mortality rates of 20-50%. Sepsis moves through different phases with periods of excessive immunity called cytokine storm alternating with periods of immune suppression. Recent evidence has also identified that immunosuppression occurring after severe systemic inflammation is a result of depletion in DC numbers and following dysfunction in DC activity. 33 The pathogenetic role of elevated sST2 in sepsis is still unclear, but suppressive effect of sST2 on DCs could play a role in septic patients other than the sequestration of IL-33.
We tested the overall effect of sST2 on T-cell activation via DCs, and found that sST2 pre-treatment of iMDDCs inhibited T-cell proliferation in a mixed lymphocyte reaction (Figure 4 ). This inhibition could result from the reduced production of cytokines from iMDDCs, especially in IL-12, which is an activator of T-cell proliferation. These results suggest that sST2 could inhibit DC function and attenuate immune reaction without sequestrating IL-33. This hypothesis would add to our understanding of the pathophysiological roles of sST2 in broad range of diseases.
